Background and objectives Proteinuria is an independent predictor for IgA nephropathy (IgAN) progression. Urine albumin-to-creatinine ratio (ACR), protein-to-creatinine ratio, and 24-hour urine protein excretion (UPE) are widely used for proteinuria evaluation in clinical practice. Here, we evaluated the association of these measurements with clinical and histologic findings of IgAN and explored which was the best predictor of IgAN prognosis.
Introduction
IgA nephropathy (IgAN) represents a common type of primary GN characterized by mesangial IgA deposits (1, 2) . Patients with IgAN presented with variable clinical and pathologic findings ranging from asymptomatic microhematuria with mild mesangial proliferation to rapidly progressive GN with more than one half of glomerulus with crescentic lesion (3, 4) . As a highly heterogeneous disease, distinct progression was observed in IgAN. A small number of patients had rapid progression to chronic kidney failure, and about 30%-40% of patients progressed to ESRD in 10-20 years, whereas some kept stable renal function for many years (5).
Nephrologists and scientists have made a lot of effort in the past several years to get better predictions of IgAN prognosis. Population studies in IgAN widely proved proteinuria as one of the most important predictors for progression (6) . Basic research suggested direct injury of proteinuria to renal tubulointerstitium (7) . Using a rat model of kidney disease with protein overload, Shimizu et al. (8) revealed that urine protein plays a critical role in degradation and remodeling of the extracellular matrix as well as in infiltration of inflammatory cells, hence promoting the fibrosis process of renal tubulointerstitial.
Because proteinuria is a powerful and functional predictor of IgAN progression, it is essential to accurately evaluate the proteinuria levels for each patient. In current clinical practice, there are three measurements for proteinuria evaluation: urinary albumin-to-creatinine ratio (ACR), protein-to-creatinine ratio, and 24-hour urine protein excretion (UPE). Although 24-hour UPE has been the most commonly used measurement for proteinuria in randomized, controlled clinical trials, 24-hour UPE has several limitations, including that it is inconvenient, cumbersome, and often imprecise because of errors in urine collection (9) . Therefore, it is of vital importance to identify some simple, precise, and effective measurements to evaluate proteinuria. However, studies focused on comparison of these measurements are limited in regard to IgAN. Here, we evaluated the association of ACR, protein-to-creatinine ratio, and 24-hour UPE with clinical and histologic findings of IgAN and further explored the best measurement in predicting IgAN prognosis.
Materials and Methods

Study Population
In total, 438 patients with IgAN (238 men and 200 women) at Peking University First Hospital with regular follow-up of $12 months were recruited in this study. Diagnosis of IgAN was on the basis of the presence of dominant IgA deposition in mesangium by immunofluorescence, and it was confirmed by light microscopy and electronic microscopy. Patients with Henoch-Schönlein purpura, liver cirrhosis, and other secondary etiologies of IgAN were excluded after detailed clinical and laboratory examinations. During follow-up, patients received a therapy regimen according to the Kidney Disease Improving Global Outcomes (KDIGO) guidelines (10) .
The study protocol was reviewed and approved by the Ethics Committee of Peking University, and written informed consent was obtained from all participants.
Detection of ACR, Protein-to-Creatinine Ratio, and 24-Hour UPE For detection of ACR and protein-to-creatinine ratio, early morning spot urine samples were used. On the day of renal biopsy, urine samples were collected and centrifuged immediately at 1800 rpm and 4°C for 5 minutes. Then, supernatants were aliquoted and stored at 280°C until assays were performed. Batch detection of urinary albumin, urinary protein, and urinary creatinine of these samples was performed on a Hitachi Automatic Biochemical Analyzer 7180 (Hitachi, Yokohama, Japan) using the immune transmission turbidity method, the pyrogallol red colorimetric method, and the reaction rate Jaffe method, respectively. ACR and protein-to-creatinine ratio were calculated by urinary creatinine divided by urinary albumin or urinary protein, respectively. For urine albumin, protein, and creatinine, the intra-assay coefficients of variation were 2.6%, 4.7%, and 2.2%, respectively, and interassay coefficients of variation were 3.4%, 5.8%, and 2.6%, respectively.
Information regarding 24-hour UPE was collected from medical records. During hospitalization, 24-hour urine collections were performed by standardized procedures. Briefly, the day before 24-hour urine collection, patients would be trained by nurses on how to collect urine between 7:00 a.m. on day 1 and 7:00 a.m. on day 2, uniformly mix 24-hour urine, and measure 24-hour urine volume using a standardized cylinder. After training, collection of urine samples was by patients. The protein concentration for calculating 24-hour UPE was also measured by a Hitachi Automatic Biochemical Analyzer 7180 using the pyrogallol red colorimetric method as described above; 24-hour UPE values were calculated by protein concentration times selfreported 24-hour urine volume.
Information on Clinical and Pathologic Manifestations
For enrolled patients, information and clinical manifestations, including age, sex, BP, serum creatinine, and 24-hour UPE, were collected from medical records. The eGFR was estimated according to the Chronic Kidney Disease Epidemiology Collaboration equation (11) . Hypertension were defined as systolic BP (SBP) of $140 mmHg, diastolic BP of $90 mmHg, or use of antihypertensive drugs. Oxford classification was defined by four pathology features: mesangial hypercellularity score (M; M0#0.5; M1.0.5), the presence of endocapillary proliferation (E; E0: absent; E1: present), segmental glomerulosclerosis/adhesion (S; S0: absent; S1: present), and severity of tubular atrophy/interstitial fibrosis (T; T0,25%; T1=26%-50%; T2.50%) (12) , and they were used to evaluate pathologic lesions of renal biopsy samples, which were graded by a pathologist blinded to patients' clinical data and outcomes. The prognostic significance of extracapillary proliferation (Ep) has been recently reported; therefore, evaluation of Ep was also included, in which Ep graded zero and one represented the absence and presence of active crescents, respectively (13) .
For the analysis of time to event data, a composite end point, defined as 30% eGFR decline, ESRD, or death (whichever occurred first), was used (14, 15) . ESRD was defined as eGFR,15 ml/min per 1.73 m 2 or need for RRT (including hemodialysis, peritoneal dialysis, or renal transplantation) for the purpose of this study.
Statistical Analyses
For data description, normally distributed quantitative variables were expressed as means6SDs. For non-normally distributed variables, medians and interquartile ranges were used. Categorical data were summarized as absolute frequencies and percentages. Furthermore, ACRs were extracted from the square root, whereas protein-to-creatinine ratio and 24-hour UPE were natural log transformed to make the transformed data resemble normal distribution. Then, they were scaled to meet standard normal distribution for the purpose of comparison. Correlation analysis and Kaplan-Meier survival analysis were performed with SPSS software (version 16.0; SPSS Inc., Chicago, IL). For survival analysis, Cox proportional hazards models were used. At first, ACR, protein-to-creatinine ratio, and 24-hour UPE were analyzed separately for their associations with the composite outcome. Then, some well known risk factors for IgAN progression, including SBP, oxford classification (M, E, S, and T), and Ep, were adjusted to evaluate the independent effects of ACR, protein-to-creatinine ratio, and 24-hour UPE on IgAN progression. For time-dependent survival analysis, survival package and survivalROC package in R (version 3.0.2) were used, respectively. A two-tailed P value ,0.05 was considered statistically significant.
Results
Demographic and Clinical Characteristics of Patients with IgAN
Among 438 enrolled patients with IgAN, 238 (54.3%) were men, and 200 (45.7%) were women (Table 1) . Their mean age at renal biopsy was 35.6612.4 (range =14-83) years old. At the time of renal biopsy, patients presented with an average eGFR of 82.1627.4 ml/min per 1.73 m 2 . The mean SBP was 124616 mmHg, whereas diastolic BP was 79612 mmHg. The ACR, protein-to-creatinine ratio, and 24-hour UPE levels were 460.1 (241.3-743.4) mg/g, 0.71 (0.29-1.59) g/g, and 1.60 (0.88-3.13) g/d, respectively. Regarding pathologic Oxford classifications of renal biopsy samples, M1, E1, and S1 were found in 82.3%, 49.2%, and 68.0% of patients, respectively. For Oxford T scores, 62.1%, 25.7%, and 12.2% patients had T0, T1, and T2 lesions, respectively. In these patients, 51.4% had Ep. All of the patients were regularly followed up, with the mean follow-up time of 37.0 (interquartile range, 22.0-58.0) months. During follow-up, 424 (96.8%) patients received angiotensin-converting enzyme inhibitors or angiotensin II receptor blocker therapy, whereas 175 (40.0%) received oral corticosteroids or other immunosuppressive agents. In total, 124 patients reached the composite end point (all of them reached 30% eGFR decline first; among them, 26 reached ESRD, and three died during follow-up).
Correlation between ACR, Protein-to-Creatinine Ratio, and 24-Hour UPE
In patients with IgAN, ACR, protein-to-creatinine ratio, and 24-hour UPE showed high positive correlation (Figure 1 ). Among them, ACR and protein-to-creatinine ratio had the best correlation (r=0.87; P,0.001) ( Figure 1A) . Compared with higher ranges of proteinuria, ACR and protein-to-creatinine ratio correlated better at lower ranges of proteinuria ( Figure 1A) . On the contrary, for 24-hour UPE, its correlation with ACR or protein-to-creatinine ratio was worse at lower ranges of proteinuria ( Figure 1 , B and C).
Association of ACR, Protein-to-Creatinine Ratio, and 24-Hour UPE with the Severity of IgAN
A cross-section analysis regarding the correlation of urinary ACR, protein-to-creatinine ratio, and 24-hour UPE levels with clinical and histologic manifestations was performed at the time of renal biopsy. ACR, protein-tocreatinine ratio, and 24-hour UPE all showed good relationships with CKD stages, hypertension, and Oxford T scores. Patients with severe CKD stage, hypertension, and Oxford T2 score showed higher ACR, protein-to-creatinine ratio, and 24-hour UPE values compared with those with mild CKD stage without hypertension and without tubular and interstitial lesions, and their P values of ACR were smaller. In addition, ACR but not protein-to-creatinine ratio and 24-hour UPE showed positive association with Oxford S scores and Ep lesions. For other histologic lesions, including Oxford M and E scores, comparable levels of ACR, proteinto-creatinine ratio, and 24-hour UPE were observed among patients with different severities of these lesions (Table 2) . Values are shown in median (interquartile range). ACR, albumin-to-creatinine ratio; UPE, urinary protein excretion; M lesion, mesangial hypercellularity score; E lesion, presence of endocapillary proliferation; S lesion, segmental glomerulosclerosis/adhesion; T lesion, severity of tubular atrophy/interstitial fibrosis. a CKD stages 1-4 were divided by eGFR$90, =60-89, =30-59, and =15-29 ml/min per 1.73 m 2 , respectively, according to the Kidney Disease Outcomes Quality Initiative. The composite end point was defined as a 30% decline of eGFR, ESRD, or death. The unadjusted model analyzed nACR, nprotein-to-creatinine ratio, and n24-hour UPE as continuous data.
nACR, square root-extracted and standard normalization-transformed albumin-to-creatinine ratio; nprotein-to-creatinine ratio, natural log-and standard normalization-transformed proteinto-creatinine ratio; n24-hour UPE, natural log-and standard normalization-transformed 24-hour urinary protein excretion.
a Model 1 was adjusted for sex and age. Sex was analyzed as dichotomous data, and age was natural log transformed.
b Model 2 was adjusted for the covariates in model 1 plus eGFR and systolic BP.
c Model 3 was adjusted for the covariates in model 2 plus Oxford classification and extracapillary proliferation. The variables were analyzed as categorical data. Oxford classification includes mesangial hypercellularity score (.0.5), the presence of endocapillary proliferation, the presence of segmental glomerulosclerosis/adhesion, and the severity of tubular atrophy/interstitial fibrosis (T1=26%-50%; T2.50%). Figure 2 . | Time-dependent receiver operating characteristics (ROC) curves with composite outcome as the status variable. The areas under the receiver operating characteristics curve (AUCs) were compared among albumin-to-creatinine ratio (ACR), protein-tocreatinine ratio (PCR), and 24-hour urine protein excretion (UPE) at (A) 60 and (B) 96 months and (C) against each time during follow-up. Using composite end point as a status variable, ACR showed consistently higher AUCs at each survival time during follow-up compared with PCR and 24-hour UPE.
ACR, Protein-to-Creatinine Ratio, and 24-Hour UPE in Predicting IgAN Progression
To evaluate the effect of ACR, protein-to-creatinine ratio, and 24-hour UPE on predicting IgAN progression, we first performed univariate survival analysis. We found that ACR, protein-to-creatinine ratio, and 24-hour UPE were associated with the composite end point (unadjusted analysis: ACR: hazard ratio [HR], 1.62; 95% confidence interval [95% CI], 1.36 to 1.93; P,0.001; proteinto-creatinine ratio: HR, 1.37; 95% CI, 1.14 to 1.64; P=0.001; 24-hour UPE: HR, 1.18; 95% CI, 0.99 to 1.41; P=0.06) ( Table 3 ). Comparing the performances of ACR, proteinto-creatinine ratio, and 24-hour UPE in predicting IgAN prognosis, ACR had consistently better performance than the two other measurements as represented by higher values of area under the curve according to time-dependent sensitivity and specificity evaluation using time-dependent survival analysis (Figure 2) . Furthermore, when we divided patients into four subgroups according to their respective quartiles of ACR, protein-to-creatinine ratio, and 24-hour UPE distribution, although all three measurements showed significant association with the composite end point (ACR, protein-to-creatinine ratio, and 24-hour UPE: P,0.001, P=0.002, and P,0.01, respectively), the Kaplan-Meier survival curves of the first and second quartiles of proteinto-creatinine ratio crossed. Meanwhile, first, second, and third quartiles of 24-hour UPE also crossed, and only the four survival curves of ACR subgroups showed no cross ( Figure 3) . Results from univariate survival analysis suggested ACR as a potential valuable predictor to IgAN progression.
Because ACR, protein-to-creatinine ratio, and 24-hour UPE had significant correlation with multiple well known risk factors for IgAN progression, we then applied an adjusted Cox proportional hazards model. When adjusted for eGFR, hypertension, and histologic lesions, ACR, protein-tocreatinine ratio, and 24-hour UPE still had significant association with poor renal outcome of IgAN (ACR: HR, 1.56; 95% CI, 1.29 to 1.89; P,0.001; protein-to-creatinine ratio: HR, 1.35; 95% CI, 1.10 to 1.66; P=0.004; 24-hour UPE: HR, 1.19; 95% CI, 0.97 to 1.45; P=0.10). Compared with proteinto-creatinine ratio and 24-hour UPE, ACR showed more robust association with poor renal outcome as represented by higher HR values. These results implied that ACR was an independent risk factor for IgAN progression.
For such a complex disease as IgAN, multiple risk factors proved to be involved in disease progression. Therefore, it is reasonable to develop a multivariable model for IgAN prognosis prediction. In survival analysis, compared with protein-to-creatinine ratio and 24-hour UPE, addition of ACR to the base prediction model (base model included age; sex; eGFR; SBP; Oxford M, E, S, and T scores; and Ep) resulted in more improvement in model fit as illustrated by an increase in c statistic from 0.68 to 0.70 and an Akaike information criterion decrease from 1235.78 to 1217.85 (Table 4) .
Discussion
In the clinical practice of treating IgAN, accurate identification and quantification of proteinuria are core elements. ACR, protein-to-creatinine ratio, and 24-hour UPE Figure 3 . | Kaplan-Meier renal survival curves of patients with IgA nephropathy according to albumin-to-creatinine ratio (ACR), proteinto-creatinine ratio (PCR), and 24-hour urine protein excretion (UPE) levels. The patients were divided into four equal groups according to the quartiles of ACR, PCR, and 24-hour UPE distribution. Patients with IgA nephropathy in the first quartile group had the highest proteinuria, whereas those in the fourth quartile group had the lowest proteinuria. Kaplan-Meier survival analyses were performed to compare patients with the composite outcome in each group with different (A) ACR, (B) PCR, or (C) 24-hour UPE values.
are commonly used biomarkers for proteinuria evaluation in IgAN. However, there is uncertainty regarding the best measurement of urinary protein excretion, which is of clinical importance from practical and cost-effectiveness perspectives. Here, in an IgAN cohort, we showed that ACR, protein-to-creatinine ratio, and 24-hour UPE were highly correlated. In respect to prediction of IgAN prognosis, ACR showed the best correlation with the long-term renal outcome.
The most common assessment method of proteinuria is 24-hour UPE. Concerns with 24-hour UPE include inconvenience and patient forgetfulness, which often lead to incomplete collections and consequently, inaccurate assessment of proteinuria (9) . Furthermore, handling and analysis of 24-hour urine samples open the assessment to error, which is greater than that in alternative approaches. Meanwhile, ACR and protein-to-creatinine ratio can be calculated from spot urine samples; they are both more precise and convenient than 24-hour samples, and a number of studies has shown the ability of both proteinto-creatinine ratio and ACR to rule out significant proteinuria (16) and predict renal outcomes and mortality (17, 18) in patients with CKD. Towler et al. (19) suggested that protein-to-creatinine ratio and ACR were comparable with 24-hour UPE in terms of both agreement and repeatability. Thus, ACR and protein-to-creatinine ratio are quick and convenient alternatives to 24-hour UPE, and currently, they are advocated for by key guideline groups. In our patients with IgAN, both ACR and protein-tocreatinine ratio showed good positive correlation with 24-hour UPE, which is in agreement with previous studies that also supported their potential usage in clinical practice of IgAN. Nevertheless, currently, there is not a study for evaluation of whether ACR or protein-to-creatinine ratio is better for predicting severity and outcome of IgAN compared with 24-hour UPE.
As for CKD, studies comparing ACR and protein-tocreatinine ratio yielded conflicting results. Some prior studies suggested that ACR was better, because it was more specific, more sensitive, and better standardized than protein-to-creatinine ratio (20) (21) (22) (23) . However, some recent studies reported that protein-to-creatinine ratio was more sensitive when proteinuria was ,0.5 and ,1.0 g/d (24) .
Some other reports suggested that protein-to-creatinine ratio was comparable with ACR (17, 25) . Regarding proteinuria measurement, recommendations from different guidelines are also different. National Institute for Health and Clinical Excellence guidelines recommend ACR for proteinuria detection but accept protein-to-creatinine ratio as an alternative. Recently published KDIGO guidelines strongly advocate for ACR, partly because of substantial sample to sample and between-laboratory variations of protein-to-creatinine ratio resulting from different quantities and compositions of urinary proteins (10) . In our IgAN cohort, ACR, protein-to-creatinine ratio, and 24-hour UPE showed good relationships, with acknowledged indicators reflecting disease severity, such as eGFR, hypertension, and Oxford T lesions. In addition, ACR was the only indicator associated with the presence of Oxford S lesions and Ep. Hence, as a predictor of IgAN severity, ACR seems slightly superior to protein-to-creatinine ratio and 24-hour UPE.
A limited number of studies has examined associations of ACR and protein-to-creatinine ratio with longitudinal outcomes in CKD. A meta-analysis conducted by the Chronic Kidney Disease Consortium concluded that there were no significant differences in the associations of protein-to-creatinine ratio or ACR with mortality or ESRD in patients with CKD (26) . However, another study that enrolled 700 patients with diabetes found that ACR was superior in predicting doubling of creatinine or ESRD compared with proteinuria from 24-hour urine collections (18) . To the best of our knowledge, our study is the first to compare different proteinuria measurements of patients with IgAN with regard to their predictive values in disease prognosis. Our results indicated that ACR was superior to 24-hour UPE and protein-to-creatinine ratio in predicting IgAN prognosis. In Kaplan-Meier survival curves, it is obvious that the survival rate could be distinguished clearly by quartiles of ACR, but for protein-tocreatinine ratio and 24-hour UPE, the quartile curves crossed. In additional evaluation by time-dependent receiver operating characteristics analysis, ACR performed consistently better than either of the other measurements. Additionally, in a Cox regression model, we showed that ACR could serve as a more robust independent prognostic 95% CI, 95% confidence interval; AIC, Akaike information criterion; LR, likelihood ratio; SBP, systolic BP; M, mesangial hypercellularity score; E, the presence of endocapillary proliferation; S, segmental glomerulosclerosis/adhesion; T, severity of tubular atrophy/interstitial fibrosis; Ep, extracapillary proliferation; nACR, square root-extracted and standard normalization-transformed albumin-to-creatinine ratio; nprotein-to-creatinine ratio, natural log-and standard normalization-transformed protein-to-creatinine ratio; n24-hour UPE, natural log-and standard normalization-transformed 24-hour urinary protein excretion. a Age was natural log transformed.
factor for IgAN progression than protein-to-creatinine ratio and 24-hour UPE after adjustment for baseline risk factors. These results implied better performance of ACR over protein-to-creatinine ratio and 24-hour UPE for predictive value to IgAN progression. Moreover, when combined with other risk factors, such as age, sex, eGFR, SBP, Oxford classification, and Ep, the overall performance of the predictive model increased the most when adding ACR, which suggested that ACR was a valuable noninvasive biomarker in the construct of a multivariable, complex IgAN predictive model (better than protein-to-creatinine ratio and 24-hour UPE).
Other than for our survival analysis results, some other advantages were reported for ACR. Urinary measurement of protein-to-creatinine ratio includes albumin and other proteins; thus, measurement of ACR alone may be not comprehensive (27) . However, nonalbumin proteins of various molecular weights in urinary proteins vary widely in pathologic states. For measurement, nonalbumin proteins are less well defined compared with albumin. Thus, we observed less inter-and intra-assay variation in albumin detection than in total protein detection, the same as was previously reported (22) . Moreover, albuminuria was reported to be more sensitive than proteinuria in detecting CKD (27) . In our patients with IgAN, 96.8% had elevated ACR, whereas 82.9% had abnormal protein-to-creatinine ratio. The proportion of patients with IgAN and proteinuria identified by ACR was higher than the proportion of patients with IgAN and proteinuria identified by proteinto-creatinine ratio, which suggested better sensitivity of ACR in IgAN. Additionally, previous comparison studies between spot and 24-hour urine tests suggested that spot urine detection was superior because of its strong association with poor outcomes (28, 29) . Although 24-hour urinary albumin excretion data were unavailable in our IgAN cohort, an analysis of the Reduction of Endpoints in NonInsulin Dependent Diabetes Mellitus with the Angiotensin II Antagonist Losartan Study reported better performance of spot ACR to loss of GFR than 24-hour urinary albumin excretion (18) . In our IgAN cohort, we indeed observed an association between low urinary creatinine values and our composite end point. We suspected that individuals with lower urinary creatinine showed relatively poor health, which then associated with poor renal outcomes. Therefore, low urine creatinine, in turn, increases ACR values and in part, contributes to the better predictive value of the spot urine ACR.
Our study has a few limitations as well. First, all patients participating in our study were from a single center; therefore, our results should be validated in other independent IgAN cohorts before its application in clinical practice. Second, because IgAN is a complex disease with slow progression, ,10% of patients in our cohort reached ESRD. Therefore, we adopted a composite end point in survival analysis. Future verification analysis to compare ACR and other proteinuira measurements should be performed by using a more convincing end point (such as ESRD alone). Third, in our cohort, there was a period of time between 24-hour urine collection for protein and kidney biopsy, which might lower the predictive ability of 24-hour urine results. However, considering the short period of time (average time interval was 4 days), the influence on survival analysis is limited.
In conclusion, we found that ACR, protein-to-creatinine ratio, and 24-hour UPE had comparable associations with severe clinical and histologic findings in IgAN. Compared with protein-to-creatinine ratio and 24-hour UPE, ACR showed slightly better performance in predicting IgAN progression.
